Abstract An atmospheric pressure plasma jet generated in Ar and O2/Ar mixtures has been investigated by specially designed equipment with double power electrodes at 20∼32 kHz, and their effects on the cleaning of surfaces have been studied. Properties of the jet discharge are studied by electrical diagnostics, including the waveform of discharge voltage, discharge current and the Q-V Lissajous figures. The optical emission spectroscopy is used to measure the plasma parameters, such as the excitation temperature and the gas temperature. It is found that the consumed power and the excitation temperature increase with increase of the discharge frequency. On the other hand, at the same discharge frequency, these parameters in O2/Ar mixture plasma are found to be much larger. The effect on surface cleaning is studied from the changes in the contact angle. For Ar plasma jet, the contact angle decreases with increase of the discharge frequency. For O2/Ar mixture plasma jet, the contact angle decreases with increase of discharge frequency up to 26 kHz, however, further increase of discharge frequency does not show further decrease in the contact angle. At the same discharge frequency, the contact angle after O2/Ar mixture plasma cleaning is found to be much lower compared to the case of pure Ar. From the results of quadrupole mass-spectrum analysis, we can identify more fragment molecules of CO and H2O in the emitted gases after O2/Ar plasma jet treatment compared with Ar plasma jet treatment, which are produced by the decomposition of surface organic contaminants during the cleaning process.
Introduction
In recent years, cold plasmas generated in atmospheric pressure have attracted much attention in different fields of science and applications [1∼9] due to their favorable properties, including low gas temperature, ease of vacuum system, and production of abundant radical species [10∼15] . Atmospheric pressure plasma cleaning is one of the hot topics in the fast developing field of plasma treatment of materials. Recently, many different kinds of atmospheric pressure plasmas such as dielectric barrier discharge, atmospheric microwave discharge, pulsed corona discharges and atmospheric pressure jet have been investigated for the application of cleaning of various materials and substrates [16∼22] . Among various atmospheric pressure plasmas, atmospheric pressure jets have received increasing attention in plasma cleaning due to their direct treatments, compactness, efficiency and flexibility in the size and shape of the objects to be treated [23∼27] . Plasma jets have usually been generated by rf, microwave or short pulse, etc., which result in an expensive process. Thus, this study presents an improved equipment with double power electrodes, which can generate an ac sustained atmospheric pressure nonequilibrium plasma jet, with focuses laid on the electrical characteristics and the effect on surface cleaning. It has the potential to help develop a high performance surface cleaning technique with low cost.
In this specially designed device, the diameter of quartz tube is reduced and the length of quartz tube is stretched compared with our previous study [28] , in order to obtain stable thin plasma with long afterglow zone for the cleaning of microelectronics products. A distinctive feature of this jet configuration is that the stable discharge is produced in the region of the working gas and then transports the reactive species to the processing region, which avoids disturbance to plasma stability. The electrical characteristics are demonstrated by recorded voltage and current waveforms and Q-V Lissajous figures. The excitation temperature is estimated from the ratio of relative intensities of atomic lines obtained by optical emission spectroscopy, which is in essence similar to electrons' temperature in the discharge. The effect on cleaning organic contaminants is investigated by contact angle measurement after the cleaning treatment. The gas temperature is also estimated by optical emission spectroscopy through fitting of the rotational vibrational spectra and simulated spectra of OH radicals. The gas emitted during the cleaning process is investigated using a quadrupole mass spectrometer so as to understand whether the contaminants on the surface are simply evaporated or perhaps decomposed into lighter materials.
Experimental setup
The experimental setup in this work is shown schematically in Fig. 1(a) . An atmospheric plasma is generated in a 20 cm long quartz tube with the inner and outer diameter of 2.0 mm and 3.2 mm, respectively. An injection needle as the first electrode and gas inlet port is inserted in the quartz tube around which two aluminum foils are tightly wrapped. One aluminum foil serving as the second electrode is tightly wrapped around the quartz tube at a distance of 4.5 cm from the top of the quartz tube. The other aluminum foil, serving as the ground electrode, is tightly wrapped around the quartz tube at a distance of 1.5 cm from the edge of the quartz tube. The injection needle and one of the aluminum foils are driven by the same AC power source at fixed discharge voltage of 8 kV with frequency of 20∼32 kHz. High purity Ar is injected into the quartz tube through the injection needle at a gas flow rate of 3.3 slm (standard liters per minute) and the additive O 2 is introduced into the quartz tube through a side channel at a gas flow rate of 50 sccm (standard-state cubic centimeters per minute) controlled by mass flow controller. The voltage waveforms, the current waveforms and Q-V Lissajous figures are measured by digital oscilloscope (Tektronix DPO 4104) with high-voltage probe (P6015A) and current probe (Pearson 4100), respectively. Optical spectra are recorded by optical emission spectroscopy (Acton 2500i). The effect on cleaning organic contaminants is investigated by the contact angle measurement system (Kino SL200B) after the cleaning treatment. The gases emitted during the cleaning process are investigated using a quadrupole mass spectrometer (SRS QMS 200). Moreover, the discharge photograph is taken using Nikon D7000 with the exposure time of 50 ms. Fig. 2 as the solid and the dashed lines, respectively. As can be seen, there is a positive current pulse and a negative current pulse per cycle of the applied voltage, which is a typical characteristic of atmospheric pressure glow-like discharges [29] . The Q-V Lissajous figures are performed to evaluate the power consumed in the discharges, as shown in Fig. 3 . In the experiment, a measurement capacitor C M = 360 pF is connected to the grounded electrode, the voltage across which is V M , and the current in the return circuit can be expressed by the following equation
The power in the discharge is given by
where T is the period and P is the instantaneous power. Substituting the current of Eq. (1) into Eq. (2), we obtain:
The energy consumed per cycle in the discharge can be calculated by
where q is charge released in the discharge. The inset of Fig. 3 presents an example of Lissajous figure with discharge frequency of 20 kHz under discharge of 8 kV in pure Ar plasma, where the area of the Q-V trace corresponds to the energy consumed during one cycle. After having the energy consumed per cycle, the power consumed during the discharge can be determined. As shown in Fig. 3 , the consumed power increases with the increase of the discharge frequency, while at the same discharge frequency, the consumed power at O 2 content of 1.5% is found to be much larger. The increase of the consumed power indicates that the oxygen involved in the discharge consumes more energy in the experiment. 
Optical diagnostics of the plasma jet
In order to evaluate the performance of the plasma, the excitation temperature of the plasma jet is estimated from the intensity of atomic emission lines of the jet provided the population in the levels of atom follows the Boltzmann distribution for plasma in the local thermodynamic equilibrium. The relative transition probabilities of two different lines can be expressed with the following relation [30] :
where I refers to the total intensity, A is the transition probability, g is the degeneracy of the upper level, λ is the wavelength, E is the excitation energy and k is the Boltzmann constant. From the above relation, a straight line of least squares fit for ln(Iλ/gA) versus E/k can be obtained, as shown in the inset of Fig. 5 . As a result, the inverse of absolute value of the slope of the well-fitted line is the electron excitation temperature (T exc ). In this study, the characteristic spectral lines 415.86 nm, 420.07 nm, 427. are in the range of 1090∼1486 K and 1338∼1699 K, respectively, and they increase linearly with the discharge frequency, while at the same discharge frequency, the excitation temperature in pure Ar is found to be much lower compared with that in O 2 /Ar mixtures. Addition of 1.5% concentration O 2 to Ar results in an increase in excitation temperature, and also an increase in the input power, as shown in Fig. 3 , which show that addition of O 2 to Ar consumes more energy, and the input power determines the excitation temperature. Because gas temperature T g is a useful parameter in the cleaning of heat vulnerable surfaces, optical emission intensity is employed as an indirect measure to determine gas temperature. The gas temperature is obtained by finding the best fit between experimental and simulated emission spectra of OH radicals. As shown in Fig. 6(a) , the simulated spectrum (dashed line) OH (300∼320 nm) is overlaid on the experimental spectrum (solid line), and indicates a best fitted rotational temperature of 338 K. Gas temperature as a function of discharge frequency and gaseous mixture composition in Fig. 6(b) shows that the gas temperature remains almost unchanged at 340 K and 354 K, respectively, and has no significant variations with increase of discharge frequency. That is, this plasma jet is under nonequilibrium condition, which is favorable for the cleaning of heat vulnerable surfaces and for enhanced plasma chemistry. Fig.6 (a) Experimental and simulated spectra of OH in the range from 305 nm to 313 nm in pure Ar plasma jet at discharge frequency of 20 kHz, (b) Gas temperature versus discharge frequency in pure Ar and gas mixture of Ar with 1.5% admixture of O2, respectively
Contact angle measurement
In order to investigate the performance of the plasma jet for surface cleaning, the contact angle of the water drop on the surface (sprayed with lubricating oil before plasma treatment) is measured. Fig. 7 shows contacts angle after pure Ar and Ar with 1.5% concentration O 2 plasma cleaning (processing time of 20 s) as a function of the discharge frequency at fixed discharge voltage of 8 kV. The decrease of the contact angle with increase of discharge frequency in pure Ar plasma in Fig. 7 is possibly attributed to the increase of excited argon atoms and electrons with increase of discharge frequency, which collide frequently with contaminants on the treated surface. Furthermore, in this jet configuration, the working gas of Ar flows in an atmospheric environment directly, therefore, non-negligible O 2 in air supplies a small amount of oxygen radicals generated from bombardment on contaminants for oxidation reaction on the treated surface. Nevertheless, excited argon atoms and electrons generated in larger amounts compared with oxygen radicals in pure Ar plasma indicate that the bombardments play an important role in the cleaning process. Fig. 7 shows that addition of 1.5% concentration O 2 to Ar results in a lower contact angle compared to that of pure Ar, which is possibly due to the increased amount of oxygen radicals. The use of O 2 /Ar not only removes contaminants on the surface by excited argon atoms and electrons but also oxidizes contaminants on the surface by the oxygen radicals, and thus a lower contact angle in O 2 /Ar mixtures plasma is obtained, as shown in Fig. 7 . However, with further increase of discharge frequency up to 26 kHz, the contact angle does not decrease and the evolution levels out. It is considered that further increase of discharge frequency increase the amount of oxygen radicals, and recombination reactions frequently occur as follows [31] 
Therefore, the amount of oxygen radicals decreases with increase of discharge frequency and the contact angle is saturated instead of continuing to increase with increase of discharge frequency. Consequently, oxygen radicals play an important role in the cleaning process and the optimum cleaning condition in the plasma jet is obtained with the gas mixture of Ar with 1.5% concentration of O 2 at 26 kHz. 
Quadrupole mass spectrum analysis
The cleaning process is monitored by a quadrupole mass analyzer to understand whether the contaminants on the surface are simply evaporated or perhaps decomposed into lighter materials. The mass-to-charge ratio m/z from 1 to 64 is scanned because this group is a good measure of the oxidation products generated in plasma treatment. Fig. 8(a) presents the space-resolved mass spectra of the emitted gases, along with comparisons of (28), and H 2 O(18) separated from air in the stainless chamber and the products of reactions between hydrocarbons and active oxygen atoms, respectively. Nevertheless, due to the constant air in the stainless chamber, the variations of the pressure at m/z = 18 and 28 are believed to originate from the products of oxidation reactions with surface organic contaminants during the cleaning treatment. From these results, it is suggested that the key factors in the pure Ar and O 2 /Ar plasma cleaning are bombardment and oxidation reactions, respectively. The pressures at m/z = 18 and 28 as functions of discharge frequency are showed in Fig. 8(b) and (c). No great modification of pressures in pure Ar plasma indicates that the main cleaning process is bombardment by excited argon atoms and electrons. In the case of gas mixture of Ar with 1.5% concentration of O 2 , pressures at m/z = 18 and 28 increase with increase of discharge frequency until discharge frequency goes up to 26 kHz, however, with further increase of discharge frequency, the pressures level out. These behaviors are in agreement with the variation of contact angle for O 2 /Ar shown in Fig. 7 , and indicate that the key factor of the surface cleaning in O 2 /Ar mixtures is oxidation reactions. The mass spectra confirm that the surface organic contaminants are decomposed into lighter materials and diffused as gaseous matter.
Conclusion
In this paper, an atmospheric pressure plasma jet generated in Ar and O 2 /Ar mixtures has been investigated as well as their effects on surface contaminations. The results show that the input power increases with increase of the discharge frequency, while, at the same discharge frequency, the input power is lower in pure Ar compared with that in O 2 /Ar mixtures. That is, addition of O 2 to Ar consumes more energy. In addition, the electron excitation temperatures in Ar and O 2 /Ar mixtures are calculated using relative intensities of argon spectrum lines, and they increase with discharge frequency, however, addition of O 2 to Ar shows higher electron excitation temperature. The variations of electron excitation and input power are in good agreement, which indicates that the input power determines the excitation temperature. The gas temperature in Ar and O 2 /Ar mixtures is almost maintained at 340 K and 354 K, respectively, and the nonequilibrium plasmas are favorable for the cleaning of heat vulnerable surfaces. The lowest contact angle, which is also the optimum treatment parameter for the surface contamination cleaning, is achieved for gas mixture of Ar with 1.5% concentration of O 2 at 26 kHz. The identification of emitted gases by QMS reveals that the contaminants are decomposed into lighter materials and diffused as gaseous matter after plasma treatment. The results also show that these plasma jets have high performance for surface cleaning, and the key factors in the pure Ar and O 2 /Ar plasma cleaning processes are bombardment and oxidation reactions, respectively.
